Here we report the synthesis, characterization and application of a multifunctional surface functionalized 
Introduction
Medical imaging is a rapidly developing eld where, in the last few years, there have been various improvements in current imaging techniques. [1] [2] [3] [4] Depending on the imaging location and details required, a vast range of imaging modalities may be used by physicians, including: (1) X-ray based methods, such as conventional X-ray, computed tomography (CT), (2) molecular imaging methods such as those used in nuclear medicine where radioactive markers, called radiopharmaceuticals, provide the contrast, (3) magnetic resonance imaging (MRI), (4) and ultrasound imaging.
2 Many of the current imaging techniques have their own advantages and disadvantages. For example both X-ray and CT scan require ionizing radiation which is harmful to the human body. Unlike conventional X-ray, CT, and molecular imaging, MRI and ultrasound operate without ionizing radiation, and therefore place the patient at a substantially lower risk for adverse effects due to the imaging. Similarly, MRI uses strong magnetic elds, which produce no known irreversible biological effects in humans. 2, 4 Diagnostic ultrasound systems use high-frequency sound waves to produce images of so tissue and internal body organs but lack the contrast and detail of other imaging modalities. Also, both MRI and CT scans require a contrast agent to improve the image quality, and many of those used can exhibit some type of toxic effects in the human body. 5 Currently, uorescent dyes and quantum dots (QDs) are being widely utilized and have become versatile tools as optical imaging probes and markers in the medical industry. [6] [7] [8] In biological imaging and photodynamic therapy, light is targeted to a specic tissue location either directly or indirectly. In the case of direct light based imaging and therapy, high energy photons in the X-ray, gamma ray, etc. regions may produce harmful effects to the biological tissue whereas modalities which use lower-energy wavelengths are much more desirable. The indirect method based on infrared (IR) light offers several advantages such as low energy IR excitation, low scattering and absorption by tissues, local delivery, and low tissue damage.
9-11
One of the most common imaging technologies is based on organic uorophores and QDs. [6] [7] [8] [12] [13] [14] Short lived radioactive isotope labeling is also used in research as well as in human diagnostics and treatment. 15 However, there are signicant shortcomings with these current imaging agents: viz. photobleaching in organic dyes and luminescence blinking in QDs, the toxicity of QDs and radioactive materials, autouorescence with UV excited dyes and QDs, low information density, and overall the high technology costs.
14, [16] [17] [18] [19] Essentially, all of these limitations can be eliminated with IR based trivalent rare earth (RE) ion doped nanophosphor technology.
9,20-24 Some of the advantages of RE doped nanophosphors are: (1) high signal to noise ratio: because of the biological transparent window in the 800-1200 nm region, so tissues do not strongly absorb or scatter, thereby making the upconversion technology an excellent tool for background free imaging with high signal to noise ratio, (2) high penetration depth: because of this low scattering and absorption of NIR radiation in tissues, images can be obtained through greater thicknesses of tissue, therefore making in vivo imaging possible, (3) high resolution and information density; the sharpness and tunable emission allow for high information density and resolution as low as 10 nm, (4) low toxicity; compared to QDs, many of the RE phosphors are less toxic as revealed from their toxicity studies.
9,21-26 For example, the LD50 for RE oxides is on the order of 1000 mg kg À1 , while the LD50 value for selenium based QDs is on the order of 1 mg kg À1 (5) low cost technology: in RE phosphors since the color tunability is achieved by the dopant compositions, size tunability is not needed as in QDs, which makes this technology cheaper, and (6) RE phosphors can also be imaged by scanning electron microscopy (SEM) due to their cathodoluminescence properties, so that it is possible to do both multiphoton imaging of nanophosphors in biological samples and ultra-high resolution SEM. 27, 28 Another obvious advantage of RE phosphors is their photo-stability under external conditions and their emission intensities remain stable for years.
Optical imaging allows for high resolution of very small localized cells, even single cells, and provides clear visualization of the cells in relation to their surrounding tissues. Because cells are able to internalize RE phosphors, it would even be possible for in vivo tracking. On the other hand, non-optical imaging, such as MRI can be used to image deeper in tissue that is not currently possible with optical imaging. 9, 21, 28 It too can resolve down to the single cell level. Therefore, an ideal biomarker can be used for both forms of imaging simultaneously. Recently, Eu and Yb, Er doped GdVO 4 luminomagnetic nanoparticles were studied as candidates for biomedical imaging under UV excitation. [29] [30] [31] Similarly, rare earth doped NaGdF 4 has been suggested as a potential bimodal imaging phosphor by several researchers. 28 However, even for Gd based chelates, the metal ions may be released during the metabolic process, and the subsequent toxicity can lead to serious health issues. 4 These issues can be circumvented by using Gd-based nanophosphors where the Gd ions are rmly attached to the rigid crystalline matrix. To the best of our knowledge, this is the rst study reporting the synthesis and biomedical imaging applications of fully monodispersed water-soluble GdF 3 :Nd 3+ nanophosphors with bifunctional imaging features.
Materials and methods

Synthesis of GdF 3 :Nd
3+
The GdF 3 :Nd 3+ nanocrystals were synthesized by the thermal decomposition (TD) method, where all the precursor chemicals used were purchased from GFS Chemicals, Powell, OH except the Gd (TFA) and Nd (TFA) which were produced in house as described by Rhode et al. 37 For the thermal decomposition method for the preparation of GdF 3 :Nd
, stoichiometric amounts of neodymium triuoroacetate (Nd (CF 3 COO)) and gadolinium triuoroacetate (Gd (CF 3 COO)) were dissolved in 20 mL of oleylamine. The solution was then heated rapidly to 340 C for 2 hours in a 3-neck ask under a nitrogen atmosphere. Aer the precipitation of the nanoparticles is completed, the resulting mixture was then cooled down and washed 4-6 times with ethanol. Finally, the particles were freeze dried in a Virtis Freeze mobile 25 EL for 15 hours to obtain the powder. 2.3.1 Fluorescence characterization. Fluorescence characterization of the synthesized nanocrystals was done using a near infrared (NIR) 808 nm power tunable ber coupled Fabry Perot laser diode (Thorlab, Model LM14S2) and the emission of the sample was taken using a QuantaMaster 51 spectrouorimeter from Photon Technology International Inc. (PTI) with an InGAS detector using appropriate settings.
Morphology of
2.3.2 Lifetime characterization. The photoluminescence decay curves were measured on a QuantaMaster 40 system from Photon Technology International Inc. (PTI) using the Single Shot Transient Digitizer technique with a nitrogen dye laser (PTI part GL-3300 + GL-302) excitation source. The nitrogen laser has an 800 ps pulse width that pumps a high resolution dye chamber to give 514 AE 0.04 nm light. The collected decay curve was analyzed using built in soware provided by PTI.
2.3.3 Quantum yield measurements. For the quantum yield measurements, a barium sulfate coated (203 mm in diameter) integrating sphere from Oriel (Model 70451) was used with a mounted spectrouorometer sample chamber on the side, opposite to the excitation source. The powder sample was held in a specially designed sample holder with a quartz window to hold the powder in place and mounted at the sample port of the integrating sphere. The diffuse uorescence spectra from the nanoparticles and the laser prole were recorded with the spectrouorometer by exciting the sample with an 808 nm power tunable ber coupled Fabry Perot laser diode (Thorlab, Model LM14S2). Different excitation power densities were achieved by changing the current at the diode controller. Three different power densities were used to evaluate the QY for Nd 3+ doped GdF 3 nanoparticles. The uorescence output from the sphere was collected using a liquid light guide (LLG) with a specially designed baffle that prevents the direct entry of the exciting laser beam into the detector. The LLG collects the light from the sphere and feeds to the InGAS detector through an emission monochromator. 
, where M(t) is the signal intensity at a particular TR, M 0 is the equilibrium signal and C is a factor to account for incomplete inversion. was only the growth medium with no cells and nanoparticles whereas the positive control was cells in the DMEM-10% FBS with no addition of nanoparticles. Aer further incubation for 24 hours, 20 ml of the combined MTS/PMS solution was added to each well and allowed to incubate for 4 hours at 37 C, 5% CO 2 . Absorbance readings at 490 nm were taken aer incubation in the Synergy 2 microplate reader (BioTek, USA). The cell viability was assessed based on the colorimetric MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay that is composed of solutions of the tetrazolium compound which is bioreduced by cells into a formazan product that is soluble in tissue culture medium. This conversion is accomplished by the dehydrogenase enzymes found in metabolically active cells and as such the amount of 490 nm absorbance measured is directly proportional to the number of living cells in the culture.
Two-photon microscopy
Fibroblast cells (L929) were seeded and grown on glass cover slips. The nanophosphors were infused into the growth medium by vigorous vortexing at a concentration of 200 mg mL À1 , and the cells were incubated in it for 24 hours.
Then, the cells were washed three times with PBS to remove excess phosphors. Then the nuclei were stained with DAPI, and the cytoplasm with Alexa Fluor 647 phalloidin. The samples were then xed and mounted on microscope slides for imaging in a customized Zeiss 710 multiphoton system. The phosphors were excited with a pulsed titanium sapphire laser by exciting the DAPI at 560 nm, the Alexa uor at 647 nm while the nanoparticles were excited at 488 nm. In order to reduce the amount of streaking and elongation of the emission, the confocal pinhole was closed until only in-plane emission was detected.
In order to conrm the uptake of the uncoated phosphors by cells, colocalization analysis of the raw image data was performed with Imaris.
Results and discussion
Synthesis and morphology of GdF 3 :Nd
3+
The GdF 3 :Nd 3+ nanoparticles were synthesized by the thermal decomposition (TD) route using triuoroacetate precursors and a three neck ask heated to 345 C in a nitrogen atmosphere.
The Nd 3+ doping concentration was varied to yield 0.1, 0.5, 1.0, and 2.0 mol% of the solution. Aer synthesis, the solution was sonicated with ethanol, centrifuged to separate the product, and freeze dried. The nanoparticles were coated with poly(maleic anhydride-alt-1-octadecene) (PMAO) as described by Moros et al. to increase the water-solubility, cellular uptake, and provide a platform for further bioconjugation through the available carboxyl groups.
1
The X-ray diffraction (XRD) results (see SI-1 †) reveal that the well-crystallized GdF 3 :Nd 3+ nanoparticles show a slight deviation from the hexagonal bulk GdF 3 crystal PDF no. 05-0563 but matches well with PDF no. 05-0563 and PDF 72-1435 reported for hexagonal LaF 3 and SmF 3 nanoparticles respectively with the cell parameters a ¼ b ¼ 0.6998, and c ¼ 0.6813 nm. The broadening of the XRD peaks is due to the small size of the particles. Fig. 1(a, b, d , and e) show the High Angular Annular Dark Field (HAADF) Scanning Transmission Electron Microscopy (STEM) images of the GdF 3 :Nd 3+ nanoparticles which conrm the two different morphologies viz. quasi-spherical and octahedral with particle size distributions ranging from 3-13 nm (the average size of 5.52 nm and a standard deviation of 2.24 nm) as shown in the histogram in the inset of Fig. 1(c) . Statistically, almost all of the particles were found to be quasispherical, however roughly 2% of the nanoparticles were octahedral. The high resolution TEM (HRTEM) image in the inset of Fig. 1(b) elucidates the octahedral morphology of the synthesized particles, and the clear lattice fringes in Fig. 1(d and e) further validate the crystallinity of the Nd 3+ doped GdF 3 nanoparticles. The compositional distribution was obtained by Energy Dispersive X-ray (EDX) line-scanning analysis, and the spectrum recorded through the center of an individual GdF 3 :Nd 3+ nanoparticle denoted by the red line ( Fig. 1(d) ) is shown in Fig. 1(f) . From the EDX, it is seen that the Gd, F, and Nd EDX signals obtained from K, L, and M shell electrons were clearly traced across the region of the nanoparticles. In order to understand the colloidal dispersion stability, a sedimentation study of the GdF 3 :Nd 3+ within deionized water at a concentration of 40 mg mL À1 was performed to see how well the particles remain suspended within the liquid for extended periods of time (see Fig. 2 ). Even aer two weeks, the suspension remains slightly opaque showing the excellent stability of the PMAO coated nanoparticles in water. The long suspension time and stability make them ideal for biomedical applications such as drug delivery.
To explore the fundamental importance of using GdF 3 :Nd
3+
nanostructures for bioimaging applications, Dynamic Light Scattering (DLS) measurements and pH dependence studies were performed to determine the aggregation and the stability of the nanoparticles within media solutions. DLS measurements of PMAO coated GdF 3 :Nd 3+ nanoparticles within DI water and Phosphate Buffer Solution (PBS) were performed at a concentration of 0.1 mg mL À1 (Fig. 3) . The peak size distributions of the nanoparticles were 55.31 nm within DI water and 58.93 nm within PBS. The increase of size compared to the TEM images can be attributed to the PMAO polymer coating with the water molecules and solvent ions that produce a hydrodynamic shell around the nanoparticles when they are in solution. Some aggregation does seem to occur at larger diameters but the majority of the nanoparticles fall within the stated ranges. By showing that these particles exhibit low aggregation and high stability, further bioimaging applications at both in vitro and in vivo levels are to be performed in the future.
Spectroscopy characterization
To explore the NIR uorescence spectral properties of the nanoparticles, samples with Nd 3+ concentrations of 0.1, 0.5, 1.0 and 2.0 mol% were excited with an 808 nm diode laser under identical experimental conditions with a power density of 1.4 W cm À2 (see Fig. 4(a) ). All emission spectra show four primary NIR emission bands at 870, 897, 1064 and 1330 nm with the 1064 nm band having the greatest intensity. The GdF 3 :Nd 3+ with a 1.0% doping of Nd 3+ yielded the highest 1064 nm emission intensity which further decreased with higher Nd concentration. Fig. 4(b) shows the NIR emission spectra obtained with and without the additional PMAO coating. The PMAO coating does not affect the dominant peak signicantly, which is important since the polymer coating is essential in making the particles biocompatible. Previous studies have shown that GdF 3 nanoparticles have very low leaching of ions, and so for many applications in biological media it is essential that a biomarker or probe has pH independent uorescence properties which may change if the stability is altered. 39, 40 Therefore, a pH dependence study was conducted using deionized water (pH 7.0), 0. . The results shown in Fig. 4 (c) suggest that the emission at 1064 nm is not signicantly affected by a large change in the pH.
When using uorescence materials in imaging applications, the quantum yield (QY) of the material is a very important factor to consider. To determine and compare the quantum yield for NIR emission at 1064 nm, the experimental setup was calibrated with a material of known efficiency, and the measurements were done following the standard reported procedure.
41,42
For these samples, a maximum QY of 10.7 AE 1.6% was measured for the GdF 3 :Nd 3+ (0.1%) nanoparticles at a power density of 12.74 W cm À2 under an 808 nm excitation.
The uorescence decay times of the 1064 nm emission band were also obtained (see Fig. 4(d) ), and the decay curve was tted by the multiexponential function,
(1) Fig. 2 Dispersion stability of GdF 3 :Nd 3+ nanoparticles in deionized water. Even after one week we still can see that the water still has particles in suspension. where A 1 and A 2 are the tting parameters and s 1 and s 2 are the uorescence decay times. The decay time values were found to be 81 ms and 708 ms. The statistical weight or contribution from each lifetime was 2% and 98%, respectively, as shown in the inset of Fig. 4(d) . Since the short component of the decay is nearly negligible compared to the long component of the decay, it can be inferred that the lifetime of 1064 emission of (0.1%) Nd 3+ doped GdF 3 nanoparticles is almost similar to previously reported lifetime for similar halide phosphors. 43 In time gated uorescence based biomaging, a longer decay time is a favorable factor to discriminate the noise arising from scattered light and autouorescence. Since the GdF 3 :Nd 3+ (0.1%) shows a higher decay time compared to the lowest 110 ms for the GdF 3 :Nd 3+ (2.0%) dominated with a short component, it can be considered as a potential candidate for uorescence lifetime imaging application. 
Magnetic properties
The magnetic properties of the nanoparticles were investigated using a Superconducting Quantum Interference Device (SQUID) magnetometer, and the room temperature magnetization curve is shown in Fig. 5(a) . From the nature of the curve, it is clear that the sample exhibits strong magnetic properties because of the presence of the paramagnetic ion Gd 3+ which has a larger number of unpaired electrons in the outer orbital. Additional Zero Field cooling (ZFC) studies (SI-2 †) also support this conclusion. The magnetic moment per particle was calculated to be $1020 m B by tting the magnetization curve with the Langevin function. 44 As an example of the magnetic behavior, when the nanoparticles, both as a dry powder and in solution, are placed near a permanent magnet of eld strength $0.1 T, it is seen that the powder is rapidly attracted to the magnet as shown in the inset of Fig. 5(a) . Nanoparticles were also increased with the concentration of GdF 3 :Nd 3+ , resulting in the brighter images shown with gray scale. These concentrationdependent differences in signal intensity were even more pronounced in the color-mapped images, and the sample with 1.0 mg ml À1 of the phosphor showed the maximum contrast.
The signal enhancement is also evident from the linearity of the T 1 relaxation rate (R 1 ) with Gd 3+ ion concentrations as shown in Fig. 6(b) . It can be seen that the R 1 value of water protons is enhanced as the Gd-based concentration is increased. Relaxivity measurements also showed that the 
Bioimaging
It is well known that most biological tissues have a lower attenuation in the NIR region than in the UV-vis region. The absorption spectrum of the pig skin under investigation is shown in SI-4, † where the lowest attenuation is observed in the 700-1100 nm region. The penetration depth ‡ of 1064 nm light makes this a highly favorable emission wavelength for deeper tissue imaging, and the GdF 3 :Nd 3+ nanoparticles are particularly well suited to this due to their strong 1064 nm emission. Following the detailed optical and magnetic characterization of the GdF 3 :Nd 3+ nanophosphors, they were then implemented as contrast agents for NIR excited imaging in tissues and as contrast agents in MRI. Furthermore, the cell viability and cytotoxicity of these nanophosphors were also explored at various concentrations. A proof of concept experiment for imaging through tissue was conducted by placing the GdF 3 :Nd 3+ nanoparticles under varying thickness of pig skin, ranging from a 0.67 to 5 mm (see SI-3 †). Emission spectra were collected through each thickness (see Fig. 7 ), and it can be seen that the 1064 nm emission is easily discernible even at the highest tissue thickness of 5 mm (the inset of Fig. 7) . To investigate the suitability of these nanoparticles for bioimaging applications, broblast cells (L-929) were incubated with the PMAO coated phosphors for 24 hours, stained, and imaged with a multiphoton/confocal microscope. Optical slices of the cells were obtained by exciting the DAPI at 358 nm, the Alexa Fluor at 647 nm. The nanoparticles were excited at 488 nm and their emission at 532 nm was used to create the nanoparticle channel in the multiphoton microscopy since the current detectors do not respond to 1064 nm. In Fig. 8 , it is evident that nearly all of the nanoparticles have been internalized by the broblasts within 24 hours. The nanoparticles were found to be well dispersed within the cytoplasm and the nuclei when the images were taken, and there was no signicant clustering of the nanoparticles nor deformation of the cells due to the nanoparticles. 
Cytotoxicity
Cytotoxicity tests were performed using L-929 mouse broblast cell lines which were incubated with concentrations ranging from 50 to 200 mg mL À1 of uncoated and polymer coated GdF 3 :Nd 3+ nanoparticles (see Fig. 9 ). Aer 24 hours, an MTS assay was used to assess the toxicity of nanoparticles at these concentrations. The PMAO coating was chosen to increase water solubility, cellular uptake, and provide a carboxyl group for ease of further functionalization. For the PMAO coated nanoparticle concentrations, the cell viability was above 60% which shows that the coated particles do not exhibit high toxicity and are biocompatible for use in bioimaging applications.
Conclusion
In conclusion, we have synthesized a multifunctional GdF 3 :Nd 3+ nanophosphor that exhibits efficient NIR uores-cence as well as strong magnetic properties which can be utilized for bimodal imaging in medical applications. These nanoparticles form very stable colloids and can be used as contrast agents for both NIR and magnetic imaging. In particular, the NIR property of these nanophosphors makes them excellent candidates for in vitro and deep tissue in vivo optical bioimaging. The nanophosphors which were coated with PMAO and implemented in cellular imaging show no signicant cellular toxicity for concentrations up to 200 mg ml À1 . Furthermore, the superior magnetic property of these Gd based nanophosphors also makes them ideal for use as MRI contrast agents. In the future, demonstrations of in vivo imaging within the NIR region will be conducted to show the importance of these particles as contrast agents. In summary, we developed a nanophosphor that exhibits both excellent optical and magnetic properties to be utilized as a multimodal agent in biomedical applications such as imaging, targeted drug delivery, and photo-dynamic therapy. 9 Toxicity study of GdF 3 :Nd 3+ nanoparticles using the L-929 mouse fibroblast cell line obtained by using the MTS assay after 24 h. The PMAO (poly(maleic anhydride-alt-1-octadicene)) coated nanoparticles were used at different concentrations with minimal cell death occurring at all the concentrations studied.
